Abstract: Calcium carbonate (CaCO 3 ) was synthesized by means of ultrasonic process in the presence of the water-soluble polymer carboxymethyl inulin (CMI). Synthesized CaCO 3 crystals were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and BET (Brunauer, Emmett and Teller) isotherm. Applying Box-Behnken experimental design, the effects of the amplitude of sonicator (Amp), biopolymer concentration (BC) and the application time of ultrasound (AT) on the preparation of CaCO 3 with respect to specific surface area (SSA) of final product was investigated. The experimental design was studied at three levels. The range of the amplitude of sonicator, polymer concentration and the application time of ultrasound were 25 %-50 %, 0.25-0.75 g/L and 1-5 min, respectively. The model equation representing specific surface area (SSA) of calcium carbonate was expressed as functions of three operating parameters namely the application time of the ultrasound, the amplitude of sonicator and polymer concentration. The results showed that the application time of ultrasound was the most significant variable that influenced the surface area of the crystals among three variables and the experimental results were in good agreement with those predicted by the proposed regression model. The highest value of specific surface area was obtained at the maximum application time of ultrasound.
Introduction
Calcium carbonate (CaCO 3 ) is one of the most abundant mineral resources formed in the natural environment. The synthesis of inorganic minerals with specific morphology, particle size and polymorph is very important in industries [1] [2] [3] [4] . CaCO 3 is used in many fields as a filler such as catalysis, electronics, medicine [1] , pigments, rubbers [2] , water and wastewater treatment [3, 4] , cosmetics [5] and paper [6] .
CaCO 3 exhibits three polymorphic forms; vaterite, aragonite and calcite, listed in order of increasing stability. Calcite is the most thermodynamically stable polymorph of calcium carbonate under ambient conditions. Vaterite and aragonite are thermodynamically unstable form of calcium carbonate. Vaterite is an important mineral in biomedical and industrial fields. It has specific properties such as higher solubility, higher dispersion and smaller specific gravity than other two polymorphs of CaCO 3 . The crystallization of CaCO 3 polymorphs is strongly dependent upon the reaction conditions. pH, temperature, pressure, supersaturation, ionic strength, type and concentration of additives, the presence of impurities can alter the crystallization of calcium carbonate. Additives can be used to affect the shape of calcium carbonate crystals and their polymorphism [7] [8] [9] [10] [11] [12] [13] . Stable vaterite could be obtained in the presence of phospholipids [14] , poly(styrenesulfonate) [15] and chitosan [16, 17] .
Ultrasound, which is a green method, can be used to produce of inorganic materials [9, 18] . The crystal growth rate, induction periods, meta stable zone width, particle size distribution and morphology can be changed by applying of ultrasound [19] [20] [21] . Ultrasonic homogenizer was used by Mori et al. to prepare vaterite for ink-jet paper [6] . Vaterite-coated papers have high print quality. Sonawane et al. [19] found that the particle size of calcium carbonate decreased with increasing of the probe size of sonicator. Nishida [22] tested the effect of sonication on the precipitation rate of CaCO 3 . Many authors have investigated the effect of ultrasound on the crystallization of calcium carbonate, but the results are not clear [23] [24] [25] [26] . To the best of our knowledge, the effect of ultrasound on the crystallization of calcium carbonate in the presence of polyelectrolytes has not yet been reported.
The present work aimed to investigate the effect of process variables on calcium carbonate crystallization in the presence of the water-soluble biopolymer carboxymethyl inulin (CMI). We systematically varied the amplitude of sonicator, the application time of ultrasound and the biopolymer concentration. The crystals obtained were characterized by XRD, SEM and BET. Box-Behnken experimental design was applied to determine the effects of process parameters on the specific surface area of the crystals. Based on the experimental design, we investigated not only the effect of the operating parameters separately but also their interactions under our experimental conditions.
Experimental Materials
Calcium chloride (CaCl 2 ) and sodium carbonate (Na 2 CO 3 ) (reagent grade) were from Merck. Carboxymethyl inulin (CMI) of 3022 MW (CMI-20) was from thermPhos, Switzerland as Dequest DPB-116AB (where AB = 20 for CMI -20) . The AB number also indicates the degree of substitution (DS). DS is defined as the average number of carboxylate moieties per fructose unit (for CMI-20, DS = 2.0). The schematic structure of carboxymethyl inulin was given in Fig. 1 . 
Precipitation of calcium carbonate
The usual method to produce calcium carbonate in a laboratory experiment is to mix aqueous solutions of two soluble salts such as Na 2 CO 3 and CaCl 2 . The experiments were conducted in a 0.5 dm 3 water-jacketed reactor providing a constant-temperature at 25 °C. The reactor was connected to a chiller for cooling the system and keeping temperature at the appropriate value during sonication. The total molar concentration of calcium was 100 mM with calcium/carbonate molar ratio of 1. Calcium carbonate was always precipitated by mixing equal volumes (100 cm 3 ) of CaCl 2 and Na 2 CO 3 solutions. Reaction solution was prepared by adding calcium solution to the reactor first. Sodium carbonate solution and biopolymer solution were quickly poured into the reactor. The crystallization solution was subjected to sonication (Sonics Vibra Cell, 20 kHz and 13 mm with threaded end and replaceable tip probe). Ultrasound was applied for 1-5 min by use of an ultrasound horn into the reaction. The amplitude value was ranged 25 %-50 % whereas biopolymer concentration was ranged 0.25 g/L-0.75 g/L. The obtained CaCO 3 particles were filtered through a 0.2 μm cellulose nitrate membrane filter, dried at 100 °C for 24 h. The results were determined from at least three separate experiments and only the average values were reported. The reproducibility of this approach was 4 %-5 %. The values of experimental conditions were fixed according to experimental design method.
The experimental conditions were given in Table 1 with the sample names carrying the information of synthesis conditions. The first number in the code of samples indicates biopolymer concentration (g/L). The capital letter shows the biopolymer used in the experiments. The second number coming after letter shows the amplitude of sonicator (%). The last number coming after dash shows the application time of ultrasound (min) For instance, 0.25C38-5 shows sample synthesized in the presence of 0.25 g/L of biopolymer CMI at 38 % of sonicator amplitude under 5 min ultrasound wave.
X-ray diffraction analysis of the CaCO 3 crystals was carried out by means of a Panalytical X'pert Pro PW 3040/60 powder diffractometer using Cu Kα radiation and operating at 40 mA and 45 kV. The 2θ range was from 5° to 90° at a scan rate of 0.026° step −1 . The specific surface area (SSA) of the CaCO 3 crystals was determined by nitrogen sorption isotherms according to the multiple-point BET (Brunauer, Emmett and Teller) method using a continuous flow apparatus (COSTECH Kelvin Sorptometer 1042). Calcium carbonate samples were first outgassed at 80 °C. The nitrogen adsorption isotherm has been performed by additions of gaseous nitrogen to the tube containing the sample at 77 K. The crystal morphology of samples was analyzed by scanning electron microscopy (FEI-Philips, XL 30 ESEM-FEG).
Box-Behnken experimental design
The experimental design was used to provide maximum and accurate information in the results for the investigation of the effect of process parameters and fitting a suitable experimental model to the process. The biopolymer concentration, the application time of ultrasound and the amplitude of sonicator were chosen as main experimental parameters to identify the effects of them on specific surface area of crystals. By applying BC, Biopolymer concentration (g/L); Amp, the amplitude of sonicator (%); AT, the application time of ultrasound (min).
experimental design, maximum information about process can be obtained with minimum experiments. The evaluation of the interaction effects of parameters is the main advantage of experimental design [27] [28] [29] . We used Box-Behnken design, which is the most popular factorial experimental design technique [28, 29] .
Results and discussions

Characterization of the calcium carbonate crystals
The X-ray diffraction patterns of the crystals obtained in the presence of biopolymer were given in Fig. 2 were observed in the samples [7] [8] [9] . The mixture of calcite and vaterite was obtained with the introduction of CMI. The Brunauer, Emmett and Teller method was used to investigate the surface area of crystals. The values obtained from BET method was given in Table 2 . SSA increased with increasing of all process parameters. A significant change in the SSA values was obtained with the increase in the application time of ultrasound. In the presence of 0.50 g/L of biopolymer concentration and 50 % of the amplitude of sonicator, the specific surface area of crystal increased from 12.74 m 2 /g to 28.71 m 2 /g with increasing the application time of ultrasound from 1 min to 5 min. Same tendency was obtained at all experimental conditions. SEM photography was used to investigate the morphology and polymorphism of the calcium carbonate crystals. Figure 3 shows the morphology of calcium carbonate crystals. In the absence of CMI, we obtained typical rhombohedral calcite under ultrasound wave in our previous work [9] . SEM photographs show that a mixture of vaterite and prolate spheroid calcite was obtained in this study. The presence of biopolymer caused to a change in the morphology of calcium carbonate. The interaction between biopolymer and calcium carbonate could inhibit the formation of rhombohedral calcite [7] [8] [9] 33] . In literature, spherical vaterite could be obtained in the presence of carboxylate-terminated dendrimer [34] and NaOH [35] . The morphology of calcite changed from rhombohedral to prolate spheroid with introduction of CMI. The shape of prolate spheroid calcite was also observed by using of EDTA [36] .
Box-Behnken experimental design for the production of calcium carbonate
The effect of process parameters on the specific surface area of the crystals was investigated separately. We studied Box-Behnken experimental design to evaluate the interaction between process parameters. The number of experiments was restricted to study a model equation about the synthesis condition of calcium carbonate. Factors and responses are defined as experimental variables that can be changed independently of each other and the measured value of the results from experiments, respectively [4, 27] . In this study, biopolymer concentration, the amplitude of sonicator and the application time of ultrasound were chosen as factors and coded as x 1 , x 2 and x 3 , respectively. The value of SSA of calcium carbonate crystals was chosen as response and investigated at three levels. The following equation was used to code the values of factors [4, 37] :
where x i is the coded value of the ith independent variable. The effects of biopolymer concentration (x 1 ), the amplitude of sonicator (x 2 ) and the application time of ultrasound (x 3 ) on the SSA of the crystals were investigated in the ranges of 0.25-0.75 g/L, 25 %-50 % and 1-5 min, respectively. Table 3 shows the coded values for experimental design. The coefficients of the response model are determined by using a regression analysis. A polynomial of high degree is used if there is a curvature in the system. The quadratic response model (Eq. 2) can be used for all the linear terms, square terms and linear by linear interaction items [4, [37] [38] [39] [40] . in which the response y includes (1) linear effects for factors x i , (2) their interactions (x i x j ), and (3) their quadratic components (
. β coefficients, which should be determined in the second-order model, are obtained by the least squares method. The x i represents the variables in the coded form of the input variables.
The effects of parameters can be investigated by the analysis of variance (ANOVA) which is a statistical technique. To test hypotheses on the parameters of the model, the total variation in a set of data into component parts is subdivided by using ANOVA. F-value or p-value is used to evaluate the significance of factors. The large value of F-value shows that the regression equation is suitable to explain most of the variation in the response. p-value shows whether F-value is statistically significant. If p-value is lower than 0.05, the model is statistically significant. Correlation coefficients (R 2 ) are used to check the precision of a model [40] . The R 2 value which is very close to 1 implies that only small part of the total variation cannot be explained by the model [4] . The model equation obtained for SSA (y SSA ) of calcium carbonate and the ANOVA analysis of the equation were given in Table 4 .
The Box-Behnken equation provided the necessary meaning which is acceptable with the variance analysis at the 95 % confidence limit. The value of R 2 implied that the sample variation of 93 % for selectivity was attributed to the independent variables. The model cannot explain about 7 % of the total variation. Therefore, the accuracy and general ability of the polynomial model was good. Figure 4 shows the relationship between the experimental results and the predicted values obtained from Box-Behnken model. The values are < 10 % and the residuals tend to be close to the diagonal line so the suggested model is adequate for the specific surface area. The residuals plot shows the difference between an observation or data point and its estimated (or fitted) value from the statistical model. The information about unexplained variability can be checked by residuals plot [4] . The residual plot for specific surface area in the Box-Behnken Design model equation was shown in Fig. 5 . The residuals for the response approximately follow the fitted normal distribution and the residuals of the response randomly scatter.
All coefficients obtained from model equation were positive. Therefore, all factors were directly proportional to the SSA values of calcium carbonate under our experimental conditions. The order of factor strength on SSA is x 3 (AT) > x 1 (BC) > x 2 (Amp). Maximum SSA values were obtained at the maximum values of the process parameters. 0.75C50-3 Df, Degree of freedom; SS, sum of squares; MS, mean squares; F, F ratio.
Conclusion
In this study, we investigated the synthesis of calcium carbonate under ultrasonic process in the presence of the water-soluble biopolymer carboxymethyl inulin (CMI). Box-Behnken experimental design was used to observe the effectiveness of the process parameters on the specific surface area (SSA) of calcium carbonate crystals. The model equation was fitted to the data obtained from our experiments. In order to control the crystallization of calcium carbonate, variations in biopolymer concentration, the amplitude of sonicator and the application time of ultrasound were studied. The application time was the most effective parameter in controlling specific surface area of calcium carbonate in this study. Other two parameters also affected the SSA of samples. The model equation representing the specific surface area (SSA) of calcium carbonate was expressed as functions of three operating parameters namely the application time of ultrasound, the amplitude of sonicator and biopolymer concentration. All process parameters showed positive effect on SSA under our experimental conditions. A positive value for the estimated effect indicates an increase in the response if the variable increases to its high level. So the specific surface area of the crystals increased linearly with operating parameters. The most significant factor that influenced the specific surface area was the application time of ultrasound. The results showed that predicted values were found to be in good agreement with experimental values, indicating suitability of the model employed. This work has demonstrated that the control of calcium carbonate crystallization can be accomplished through ultrasound. A better understanding of the controlling mechanism for calcium carbonate may be expected to lead to new strategies for novel material synthesis.
